We have performed an extensive test of the ability of density functional theory within several approximations for the exchange-correlation functional, local density approximation+Hubbard U and local density approximation + dynamic mean field theory to describe magnetic and electronic properties of SrRuO3. We focus on the ferromagnetic phase, illustrating differences between the orthorhombic low temperature structure vs the cubic high temperature structure. We assess how magnetism, spectral function, and cohesive properties are affected by methodology, on-site Hubbard U and double counting corrections. Further, we compare the impact of the impurity solver on the quasiparticle weight Z, which is in turn compared to experimental results. The spectral functions resulting from the different treatments are also compared to experimental data. Finally, the impact of spin-orbit coupling is studied, allowing us to determine the orbital moments. In the orthorhombic phase the orbital moments are found to be tilted with respect to the spin moments, emphasising the importance of taking into account the distortion of the oxygen octahedra.
I. INTRODUCTION
The ruthenates have been the object of various experimental and theoretical investigations. This interest is stimulated by the fact that the layered ruthenates exhibit an impressive list of exotic phenomena. For example Sr 3 Ru 2 O 7 where meta-magnetism is known to occur, 1 Sr 2 RuO 4 with unusual p-wave superconductivity 2, 3 or long-range ferromagnetic order (rare in 4d-based materials) in SrRuO 3 . The latter is a versatile compound whose properties can be drastically changed by doping or strain. For example Ca doping on the Sr sites leads to a poor metal, possibly non-Fermi-liquid behaviour, with no trace of magnetism, 4 while doping Cu on the Ru sites creates an insulating spin glass. 5 The double-perovskite Sr 2 RuYO 6 has basically the same crystal structure as SrRuO 3 but one obtains an antiferromagnetic configuration by substituting every second Ru in Sr 2 RuYO 6 with Y (Ref. 6) . Hence the ferromagnetic state is unstable under small changes in the electronic structure, but still robust in the temperature range below ≈ 160 K. Also, intrinsic defects such as Ru vacancies are shown to have a big impact on magnetic properties.
7 SrRuO 3 also shows an unusually high magnetic anisotropy energy for an almost cubic material. 6, 8 Besides varied and interesting properties, the ruthenates are also good candidates for oxide electronics, 9 either alone or in combination with other complex oxides (e.g. in superlattices 10 ). Even more, the hypothesis that SrRuO 3 might support the existence of magnetic monopoles in k-space 11 has been formulated.
Experimental measurements of the magnetic moment vary from 0.86 µ B to 1.6 µ B , from e.g. Refs. 8 and 12, showing the delicate nature of the magnetic state. This large variation has been attributed to the difficulty of saturating the moment, due in part to the high magnetic anisotropy and in part to the challenging task of synthesising single domain structures. 13 One cannot neglect the dependence of the magnetic properties on the sample quality.
Examining results from electronic structure calculations one also sees a variety of moments ranging from 0.5 to 2.0 µ B /Ru atom. 14, 15 In order to give a correct description of the properties of SrRuO 3 , several computational tools have been applied. These include LDA/GGA, 6, 13 LDA+U , 15 pseudo-SIC, 13 GWA + LDA+U , 16 and recently LDA+DMFT.
14 One may observe from previous studies that the DFT description of SrRuO 3 strongly varies with respect to the (i) type of exchange-correlation (E xc ) functional used or (ii) the way these functionals are implemented. The main controversy about SrRuO 3 is the role of strong correlation in various properties. Infrared conductivity hints of non-Fermi liquid properties 17 and enhanced effective mass is detected in various experiments. [18] [19] [20] Yet many properties seem to be well described within Kohn-Sham density functional theory, although very sensitive to the choice of exchangecorrelation functional used. The DFT+SIC (self interaction correction) treatment of SrRuO 3 has proven to introduce an unphysical localisation of the Ru 4d states, leading to half-metallicity and an overestimation of magnetic moments, approaching the results given by DFT+U , in the limit of large Hubbard U . With a more sophisticated method, such as LDA+ dynamical mean field theory (DMFT), it becomes interesting to investigate in detail the electronic structure and the effect of on-site correlations in SrRuO 3 . Indeed, DMFT studies of models mimicking the cubic phase of SrRuO 3 highlight the importance of on-site correlation effects, however not driven by the proximity to the Mott insulator, but instead by the Hund's coupling.
21,22
The present study is focused on the investigation of the electronic structure and magnetic properties of SrRuO 3 , both in the cubic and orthorhombic phase, by means of first principles DFT-based methods, in a full-potential geometry with emphasis on a many-body approach to correlated systems, i.e. the DMFT. 23, 24 In contrast to previous LDA+DMFT studies 14 we employ a full potential electronic structure method 25 in which the first implementation of LDA+DMFT was reported in Ref. 26 , while details on the full charge self consistency were reported in Ref. 27 . The purpose of this study is to evaluate what method is most suitable for working with SrRuO 3 in its low temperature phase. In order to achieve our aim, we compare the calculated quantities with experimentally measured data, such as magnetic moments, effective masses and photoemission spectra assessing the sensitivity to exchange correlation within DFT, followed by accurate full-charge self-consistent LDA+DMFT calculations, where U is varied within a reasonable range. In this way we make a critical assessment of the method that describes most accurately the properties of the SrRuO 3 .
II. METHODOLOGY
The DFT implementation used here employs a fullpotential geometry and a Linearized Muffin-Tin Orbitals (LMTO) basis set, as implemented in the RSPt code. 25, 28, 29 For the DFT part of the calculations we treat the narrow semi-core bands with a double κ-basis set. The s-, p-and d-valence bands are treated with a triple κ-basis. The LDA+DMFT calculations are run with a double κ-basis in order to reduce the matrix dimensions and speed up the calculation. Tests with double and triple κ-basis were performed for all volumes in order to assess that the quality of the DMFT results is not affected by the reduced basis. We perform calculations for SrRuO 3 in both the cubic and orthorhombic phases. The Brillouin zone sampling for the orthorhombic phase is converged with respect to the equilibrium volume, magnetic moment, bulk modulus, spectral function and quasiparticle weights at 12×12×8 k-points. The effects of spin-orbit interaction are more delicate and did not show convergence with a mesh of less than 24×24×16 k-points (in order to ensure convergence, meshes up to 30 × 30 × 24 k-points were considered). The cubic phase is converged at a mesh of 24 × 24 × 24 k-points. For the DFT calculations we used the tetrahedron method with Blöchl's corrections 30 for integrations. As a starting point for the LDA+DMFT calculation we use the parametrization by von Barth and Hedin (vBH72) . The final result will of course be somewhat dependent on the starting point. The LDA+DMFT is implemented in the Matsubara formalism, 26, 27 hence Fermi smearing is implicit. An electronic temperature of 110 K is used. We test five commonly used exchangecorrelation functionals (E xc ), the LDA parametrizations by von Barth and Hedin (vBH72) , 31 Perdew and Wang (PW91), 32 and Perdew and Zunger (PZ81) 33 as well as the GGA parametrizations by Armiento and Mattsson (AM05) 34 and Perdew, Burke and Enzerhof (PBE96).
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The impurity problem in the LDA+DMFT scheme is solved using the spin-polarized T-matrix fluctuation exchange solver (SPTF). 36 Two versions are tested, one where the diagrams are calculated with the unperturbed Green's function (G 0 ) and one where the perturbation expansion is performed with a partially renormalized Green's function (G HF ) which consistently shows improvement in the description of magnetic properties.
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The SPTF solver, based on the fluctuation exchange (FLEX) approximation, 38 works in the weak to intermediate coupling regime, when the ratio between the average local Coulomb interaction U and the average bandwidth W is smaller than one. 39 In SrRuO 3 the total 4d-bandwidth is over ≈ 12 eV, with a distinct feature of a significantly narrower t 2g -band pinned at the Fermi level.
The U values considered in this study do not overcome 4 eV, and therefore we are in the regime where the SPTF solver is valid. As double counting we remove the static part of the self-energy. 40 We also calculate the spectral properties and magnetic moments using LDA+U , testing both the fully localized limit (FLL) and the around mean field (AMF) double countings. The 4-index rotationally invariant matrix of the Coulomb interaction for the Ru-4d electrons is constructed from two parameters U and J, as described elsewhere. 26, 27 The value of J is set to 0.6 eV according to constrained random-phase approximation calculations on Ru metal by Sasioglu et al. 41 Unfortunately, the same procedure cannot be used for U , which is more sensitive to the details of the electronic environment (different screening of valence electrons), and also strongly dependent on the basis set used for the local orbitals. In this work, we perform all simulations for U = 2, 3 and 4 eV. These values are chosen to be compatible with the value U = 4 eV obtained for Ru metal 41 and by considering that SPTF tends to overestimate the strength of correlations with respect to numerically exact solvers, since inter-orbital (Ru-4d) screening is only partially considered in perturbative approaches. Although all properties presented in this study have been calculated for all values of U = 2, 3 and 4 eV, only selected data are reported here, for sake of readability. In particular the volume trends, magnetic moments and effects of spin-orbit coupling are reported for U = 3 eV, which seems to offer the best comparison with experimental data. Changes of ground-state and spectral properties with respect to U are investigated in separate sections. Concerning the spectral properties, curves for U = 3 eV are omitted from the plots, for sake of clarity, as explained in the corresponding section.
III. RESULTS
The phase diagram of SrRuO 3 shows that for temperatures up to 825 K the compound is present in the orthorhombic structure, with a ferromagnetic order that prevails up to T c = 160 K. In the temperature range between 825 K and 945 K, the crystal is tetragonal and becomes cubic for temperatures above 945 K. In the following, we focus on the orthorhombic phase, while making comparisons to the cubic structure with ferromagnetic arrangement of magnetic moments. In this way, we wish to determine and highlight the effect of the octahedral distortions and tilting on the properties of SrRuO 3 . The experiments show no sign of ferromagnetism present in the cubic phase, although they indicate that 42 local moments persist above T c . These moments are most likely to contribute significantly to the physical properties of the cubic phase.
The orthorhombic cell is described according to recent neutron diffraction experiments by Bushmeleva et al.
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Their experiments show almost equal bond distances of ≈ 1.986Å for all independent Ru-O bonds. This indicates the absence of Jahn-Teller distortions in the RuO 6 octahedra, confirming a low-spin state of the Ru 4+ ion. The two independent Ru-O-Ru angles remain close to 162
• for the whole temperature range between 1.5 K and 290 K. The difficulty to achieve a single magnetic domain is manifested in a severe overlap between diffraction peaks and in consequence the direction of the magnetic moment in the cell cannot be determined unambiguously.
As mentioned before, SrRuO 3 has been studied theoretically by means of a multitude of methods. Clean SrRuO 3 samples are known to exhibit Fermi-liquid behavior at low temperatures. Although the possibility of a bad metal phase (Hund's metal) at higher temperature is argued from model calculations on a t 2g manifold without long range magnetic order 21, 22 , recently it has been suggested (both by experiment 44, 45 and theory 46 ) that electronic correlations in SrRuO 3 are sufficiently weak for conventional DFT functionals to reproduce the ground state. In the following we wish to provide an extensive analysis of the properties of this compound and, by comparing the calculated results to experimental data, make an assessment on the degree of electron correlations and the best suited method to treat the electronic structure of SrRuO 3 , as well as determining to what extent a dynamic treatment of the exchange-correlation problem influences its properties.
A. Volume trends
Due to the complexity of the SrRuO 3 phase diagram, it is far from sufficient to compare calculated values of magnetic moments with the measured values, without making a careful analysis regarding the volume dependence of the moments. In the following we will show that there is quite a strong volume dependence of the magnetic moments. This might in fact be one of the reasons for the wide range of calculated magnetic moments, available in the literature.
We start by determining the equilibrium volume for SrRuO 3 in both the orthorhombic as well as the cubic structure with ferromagnetic moment. The a/b and a/c ratios as well as the tilting and rotation angles for the orthorhombic phase are fixed to the experimental value. Fixing the structural parameters is expected to have a small impact on the equilibrium volume. It is known that the tilting and rotation angles do not change significantly for deviations within a few percent of the equilibrium volume 47 , hence the fit is expected to be good at these volumes. The calculated equilibrium volumes (V calc eq ) determined within DFT and different approximations for the exchange-correlation as well as Hubbard-corrected LDA functionals and LDA+DMFT are summarised and compared to experimental data 8, 43 in Fig. 1 and (b) Spin magnetic moments per formula unit calculated for both the experimental volume 43 as well as for the calculated equilibrium volumes. Both cubic (brown and black bars) and orthorhombic (blue and orange bars) structures have been considered. The experimentally determined values for saturation volume for single crystal bulk samples (Fig. 1a) and their corresponding magnetic moments (Fig. 1b) are marked by red dashed lines 43 and green dash-dotted lines. 8 The red (green) shaded area represents the interval associated to the experimental errors for Ref. 43 (Ref. 8) .
We have performed calculations for a range of volumes (for both orthorhombic and cubic phases), using the methodologies mentioned above. We fit the results to the universal equation of state by Vinet et al. 48 and from this we extract the equilibrium volume and bulk modulus ( Table I ). The calculated volumes and bulk modulus are compared to experimental values for the orthorhombic phase. The experimental bulk modulus B 0 is ≈ 192(3) GPa, from Ref. 49 . The experimental volume estimated at T = 290 K is ≈ 408.582 (7) a.u.
3 according to Bushmeleva et al. 43 and ≈ 406.5 (18) 
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We begin by examining the volumes for the orthorhombic structure given by the different methods. The calculated equilibrium volume is similar for all three LDA functionals, only a slight over binding is seen for this compound (around 1.6%-2%), while LDA+DMFT expands the lattice slightly resulting in only a 1.5% underestimation relative to the experimental volume. There is a prominent difference between the equilibrium volumes calculated with the LDA (PW91, PZ81, vBH72) and GGA (PBE96) functionals. Typically an LDA treatment results in over binding, while GGA in under binding and an overestimation of the ground state volume. As expected the PBE96 functional under binds also for SrRuO 3 , resulting in a 6% larger volume than the experimental value. On the other hand, the AM05 functional is in better agreement with the experimental volume with only about 1% under binding. With the exception of PBE96, which leads to a strong overestimation of the volume, all other functionals considered in this study reproduce rather well the experimental volume. Regarding the bulk modulus, the experimental values are in good agreement with the calculated values for all the functionals used with the exception of PBE96 and AM05 (see Table I ).
In order to estimate the effect of the octahedral tiltings and rotations on the properties of this compound, we have also considered the cubic phase of SrRuO 3 . The calculated equilibrium volume and bulk modulus through different methods are reported in Table I and Fig. 1 . The differences in bulk modulus and equilibrium volumes between the cubic and orthorhombic phases illustrate the importance of the octahedral distortions for the cohesive properties of SrRuO 3 .
B. Calculated spin moments
In Fig. 2 we report the variations of magnetic moment induced by changes in volume and structural properties, as predicted by various computational methods. Before discussing the observed trends, we should mention that we deal with isobaric volume changes, meaning that the a to b to c ratio has been conserved for all calculations.
In order to account for possible basis-set dependence of the calculated values, we have also investigated how the trend in volume changes as a function of the chosen basis set, i.e. the difference between a triple-κ basis and a double κ-basis. We find that for the equilibrium volume the differences are minute, ≈ 0.1% for the cubic structure and ≈ 0.001% for the orthorhombic structure for both LDA (vBH72) and GGA (AM05). For the magnetic moment at the experimental volume we find that the cubic phase is insensitive to whether we use a doubleor triple-κ basis set, with difference of ≈ 0.5% for both LDA and GGA. The orthorhombic structure is more sensitive, with a ≈ 5% difference in moment, highlighting the importance of a good basis set in the interstitial region to describe the effects of the octahedral distortions.
We highlight the variations of the magnetic properties of SrRuO 3 due to different treatments of the exchange correlation within DFT as well as DFT+DMFT (see Table I and Fig. 2 ). These differences are much larger than those that one normally finds in other compounds. In the orthorhombic structure, the delicate nature of the magnetic moment is evident, the parametrization by von Barth and Hedin results in a moment almost 30% larger than that of the parametrization by Perdew and Zunger. Note also that the magnetic moment obtained with PBE96 is already in the higher end of the scale at the experimental volume, and even becomes larger at the calculated equilibrium volume.
For the orthorhombic structure, the most accurate predictions of the magnetic moments for the experimental volumes have been provided by the LDA+DMFT-SPTF (G HF ), by the LDA (vBH72) and the GGA functional, AM05. The LDA+U , for both double counting corrections (AMF and FLL), as well as the PBE96 provide an overestimated magnetic moment for the entire volume range considered, while providing a very robust magnetic moment with respect to volume changes for almost the entire range considered. The LDA+DMFT-SPTF (G 0 ) only slightly underestimates the value of the moment (Fig 2) . When varying the volume, the changes in the magnetic moment follow the same trend (with less than 7% difference in values) when treated with LDA+DMFT-SPTF (G 0 ) or LDA+DMFT-SPTF (G HF ). The volume (for both orthorhombic and cubic phases) has been varied well below and above the calculated equilibrium values, in order to offer a complete picture of the magnetic moments sensitivity to isobaric volume changes. In the orthorhombic structure, at volumes larger than V calc eq , the calculated magnetic moments converge to the same value independently of the methods used, while for volumes smaller than V calc eq the magnetic moments are much more sensitive to the different methods employed. The grey shaded area in Fig. 2 
3 around the experimental volume) for a volume compression of 8% the decrease registered in the magnetic moments vary from ≈ 20% for LDA+DMFT and vBH72 to almost 40% for PZ81. In the lower panel of Fig. 2 , we chose to compare the calculated properties for the cubic phase of SrRuO 3 with the experimental values obtained for the orthorhombic phase as well. The reason is that we performed calculations for the cubic structure to better assess for the impact of large volume variations on the rotations and tilting of the oxygen octahedra, and not to investigate the physical properties of the high temperature cubic phase. Such an analysis is beyond the scope of this work.
The magnetic moment as a function of volume shows similar trends for all the functionals, as long as we are far from a half-metallic state, the key issue lies in the displacement of the curves. However PBE96 localizes the electrons too much (discussed in details below) and this produces a magnetic moment that is insensitive to volume changes around the experimental volume. Gu et al. 50 reports on the change in moment for a SrRuO 3 film relaxed on a SrTiO 3 substrate, showing that a strain of 1% gives a change in moment of the order of 0.1 µ B . The relaxation procedure is however not volume conserving and volume changes might be partly responsible for this. Around the experimental volume, both LDA+DMFT methods, with SPTF in G 0 and G HF , show the same behaviour of magnetic moments with changes in volume. Fig. 2 shows that one should be careful when comparing calculated magnetic moments, because they can differ strongly with respect to the considered volume and the method used. The experimental situation is such that the strong moment anisotropy makes it difficult to achieve saturation moments for polycrystalline samples. However, a few single crystal results have been reported (e.g. Ref. 8, 51, and 52). As suggested in Ref. 13 , on-site correlations to the Ru 4d states improve the description of the electronic structure. In general, smaller changes in the description of the electronic structure, as given by different parametrizations of LDA, can cause (after the selfconsistent cycle is done) variations in the calculated magnetic moment. With respect to this quantity the AM05 functional performs excellently. The LDA+U method creates a too strong localization of the d-electrons (discussed below), and the magnetic moment overshoots the experimental one. The equilibrium volume also increases with U , an effect of the decreased contribution to bonding by the increasingly localized d-states. The LDA+DMFT method includes dynamic screening, reducing the tendency of localisation. In addition, this method increases the electron effective mass. For the chosen value of U , i.e. 3 eV, the magnetic properties of SrRuO 3 are very well reproduced by theory (see Fig. 2 ).
C. Effects of on-site Coulomb interaction
Due to the delicate nature of the electronic structure of SrRuO 3 , it becomes of interest to investigate how the strength of the electron correlations influences the electronic structure and magnetic properties of this material. We therefore inspect the evolution of the magnetic moment when changing the strength of the on-site Coulomb interaction, in both the cubic and orthorhombic phases (Fig. 3) . Using LDA+U with AMF double-counting correction the moment of the orthorhombic phase increases monotonically from the von Barth-Hedin LDA value of 1.6 µ B towards 2 µ B (see Fig. 3 ). This means that we quickly reach (already for U = 2 eV) a higher moment than the highest reported experimental one. The high moment solution, characterised by an integer moment of 2 µ B , is due to the fact that the electronic structure becomes half-metallic, which we will notice in the density of states below. Also, a further analysis in connection to the LDA+U (FLL double-counting correction) calculation results in a higher moment with increasing values of U . When we consider SrRuO 3 in the cubic structure, the moment reaches its maximum for U = 2 eV, approaching the (AMF) solution at U = 4 eV. For the orthorhombic phase, there are only very small differences between the values obtained by employing the different double counting corrections on LDA+U . In the cubic phase the differences are bigger.
As the electrons in SrRuO 3 also have an itinerant character, it is a good idea to use a method that allows for dynamic screening of the coulomb interaction, such as LDA+DMFT. The LDA+DMFT calculation with the SPTF(G 0 ) solver results in an initial slight increase, followed by a strong reduction of the magnetic moment when U increases, for both the cubic phase as well as the orthorhombic one. In the cubic phase the moment is always lower or equal to the LDA value, for all values of U considered. Electron correlations, i.e. effects beyond Hartree-Fock theory, are often argued to cause a reduction in the exchange splitting, and hence a lowered magnetic moment. The cubic phase of SrRuO 3 seems to follow this rule. For the orthorhombic phase the scenario is a little bit more complex, since initially there is an increase in the moment with increasing U , after which a strong decrease is found (Fig. 3) . Calculations based on SPTF(G HF ) and SPTF(G 0 ) give similar results, although when treated within SPTF(G HF ) the moment is not reduced as strongly, with increasing U . The reason behind the decrease in moment is that the main peaks of predominant Ru t 2g character in both spin-channels are pushed symmetrically towards the Fermi level, as can be seen in Fig. 6 . The narrowing of the spectra and subsequent development of satellite peaks is a known phenomena best displayed in single band models 24 . Also, with increasing U the adequacy of the SPTF solver decreases due to the known under screening of the coulomb interaction, partly cured in the SPTF(G HF ) formulation, and the inability of the solver to describe the formation of local moments.
In order to get a deeper insight into the electronic structure of SrRuO 3 , we investigate the sensitivity of the effective mass to the considered on-site Coulomb interactions. The only method in this study capable of capturing a renormalised quasiparticle weight Z is LDA+DMFT. The experimental mass enhancement arises both from electron-electron interaction as well as electron-boson interactions, as recently suggested by Shai et al. 42 The latter can be electron-phonon or electron-magnon interactions. We calculate the spin resolved contribution from the electron-electron interaction only. For both the cubic and orthorhombic phases, the dependence on the Hubbard U of the spin resolved quasiparticle weight values averaged over the full d-shell is depicted in Fig. 4 .
Experimental data for the effective mass (inverse of Z) are rather abundant. EELS data by Cox et al. 18 show an effective mass of about m * /m 0 ≈ 3.6, this relies on the assumption that only one free electron is available per Ru atom. On the other hand, angular resolved de Haas van Alphen data indicate at least seven bands crossing the Fermi level, with an effective mass ratio of 4.1 ≤ m * /m 0 ≤ 6.9. 53 Specific heat measurements 19, 20 show m * /m 0 ≈ 3.0 − 3.1, while older experiments by Allen et al. 54 and Okamoto et al. 55 provide a value closer to 4.43. This leads to a quasiparticle weight in the vicinity of 0.15 < Z < 0.35. We draw the attention of the reader to the fact that the experimental values corresponding to the mass enhancements that we mentioned above, have been extracted by different methods from the raw experimental data. In some cases even values calculated from first principles have been used in the fitting equations. To some extent, these values might depend on the way they have been extracted from the measured spectra.
We consider the EELS and specific heat measurements to be most representative when comparing to the orbitally averaged quasiparticle weight. The orbital average using SPTF(G 0 ) for U = 4 eV compare well with the experimental number, with Z ≈ 0.4, considering the quenching of the magnetic moment this is however not representative for the compound. Overall values for U = 3 eV are more reasonable, and therefore we estimate the orbital average Z ≈ 0.58 for the electronic part of the mass enhancement in SPTF(G 0 ). Projecting on local t 2g and e g manifolds and averaging over spin we get Z t2g ≈ 0.45 and Z eg ≈ 0.79. This is well in line with a previous study for a spin-degenerate t 2g manifold by means of the Continuous-time Quantum Monte Carlo (CT-QMC) solver 21 , where a value Z ≈ 0.4 was obtained for a band filling similar to SrRuO 3 . Due to the under screening of the Coulomb interaction in the bare SPTF solver, one should obtain a better estimate through SPTF(G HF ), which gives a slightly higher Z ≈ 0.66. Therefore, we estimate the local electronic correlation to give an orbital averaged contribution of 0.4 < Z < 0.7, somewhat underestimated with respect to the experimental values reported above. However, we have strong reasons to believe that a significant part of the experimental mass enhancement comes from electron-boson coupling. In fact, recent ARPES measurements by Shai et al. 42 reveal a kink in the spectra, in the vicinity of the Fermi level, which is a text-book example of electron-boson coupling, most likely magnons. This contribution is not considered in the single-site LDA+DMFT approach, which includes uniquely electronic contributions. Another possibility is, instead, the presence of a crossover to a competing energy scale, as seen in SrVO 3 56 . This energy scale can be shown to be related to the effective Kondo energy scale of the interacting lattice 57 , and is likely beyond the capabilities of the perturbative impurity solver employed by us. Addressing the kink in the quasiparticle spectra rigorously would require the use of a nonperturbative impurity solver and the inclusion of nonlocal correlation effects in a single computational scheme.
Another possible reason behind the difference between theory and experiments could be that the inclusion of spin-orbit coupling has a large impact on the quasiparticle weights; it has previously been shown that spin-orbit coupling is very important for the geometry of the Fermi surface of the related compound Sr 2 RhO 4 .
58 However, in our calculations, we find only a small difference in the calculated quasiparticle weights, with and without the inclusion of spin-orbit coupling effects, amounting to 0.76%. Notice that effects due to the spin-orbit coupling are considered both in the electronic structure part, as well as in the solver.
D. Spectral properties
There are two experimental studies of the valence band spectrum of orthorhombic SrRuO 3 that we are aware of. One is by D. Toyota et al. 52 and represents an investigation of a single crystal film, with a thickness up to 100 monolayers (ML). The other study has been performed on a polycrystalline bulk sample. 55 We chose to compare our calculations to the single crystal data, which are expected to better represent a calculation which does not consider effects of grain boundaries.
The photoemission data by Toyota et al. for 100 ML SrRuO 3 show three very clear peaks (Fig. 5 shows this experimental spectrum). The highest peak is located 0.3-0.5 eV below the Fermi level. In addition there is one level found at approximately E F − 3.5 eV and a larger, broader feature between 4 and 8 eV below the Fermi level. These two lower-most peaks are mainly composed of oxygen 2p-states, though the lowest lying peak has a considerable amount of Ru 4d-character. The peak close to the Fermi level is almost entirely of Ru 4d character, and is therefore most suitable to compare with and to determine the quality of our calculated spectral functions, shown in Fig. 5 and Fig. 6 . As stressed above, all spectral properties were calculated for U = 2, 3 and 4 eV, but for improving the readability of the figure we chose not to present the spectra for U = 3 eV. These are situated, as expected, in between the results for U = 2 eV and U = 4 eV for all the investigated techniques. The LDA+U result, displayed in Fig. 6 , shows a half-metallic state for U > 3 eV similar to what Jeng et al. 15 obtained. This is not consistent with experimental findings. 43 Both LDA and LDA+DMFT provide metallic states in both spin channels. In fact the LDA and the LDA+DMFT spectra are surprisingly similar. The top most peak shows some renormalization and is pushed closer to the Fermi level in the LDA+DMFT scheme. Comparing to previously published spectral functions with similar methodology we see an overall agreement.
14 Both LDA and LDA+DMFT methodologies show good agreement with experimental photo-emission data. In Fig 5 we compare our theoretical curves (LDA and LDA+DMFT results) to the experimental data of Toyota et al. and Takizawa et al. 51, 52 The theoretical spectra are calculated by summing the products of the l-projected DOS with the l-projected cross sections for the photoelectron excitation with photons of 600 eV energy from Ref. 59 . In the 0-2 eV binding energy regime, both experiments as well as both theoretical curves are similar. A peak appearing around 3 eV binding energy is well reproduced by theory, it is mainly of oxygen character with some Ru 4d hybridisation. In the experiments by Toyota et al. 52 (black line) compared to calculated spectra obtained within LDA (blue line) and LDA+DMFT, SPTF-GHF with U = 2 eV (green line). Both PES were taken at 600 eV. Note that the intensity is given in arbitrary units for both theory and experiment. The theoretical spectra is calculated by summing the products of the l-projected DOS with the l-projected cross sections for the photoelectron excitation with photons of 600 eV energy from Ref. 59 . No additional broadening of the theoretical spectra is added. As a final note to the comparison with experimental data performed here and in the previous subsection, we should mention that the LDA+DMFT approach has some restrictions when applied to real systems. 23, 24 To make an example the choice of the local orbitals is far from unambiguous, especially for delocalized states such as Ru-4d electrons. Of particular importance for our analysis is the mapping into an effective model with a static Coulomb interaction U . In fact, it was recently found 60 that in principle one can not reach a good agreement for both mass enhancement and spectra at the same time with a static U .
E. Effects of spin-orbit coupling
Spin-orbit interaction introduces a coupling between spin-space and real-space, giving rise to a number of interesting phenomena.
For example the magnetocrystalline anisotropy (MCA) which is important from a technological perspective, as it dictates the ability of the moment to remain in the same direction under an external field. SrRuO 3 is regarded to have a very strong MCA for being a transition metal compound. It is also argued to have a universal MCA, i.e. the easy axis is always aligned to the strain field. 61 Grutter et al. 61 determined the orbital moments for thick films to be in the order of 0.06 µ B . Strained films reach much higher orbital moments as the crystal field splitting is further reduced, up to 0.3 µ B is reported.
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The calculated orbital moment, obtained here, for the bulk orthorhombic structure at the equilibrium volume is around 0.01 µ B for all functionals, i.e. lower than the reported experimental value.
More interestingly, the orbital moment is not collinear with respect to the spin moment for the orthorhombic structure. This severely complicates measurements of magneto-optical properties, 62 and XMCD measurements of orbital moments, as the sum-rules are expressed in terms of the z-components of the spin and orbital moments. 63 Experimental measurements of the tilted orbital moments might be possible using EMCD, 64 where atomic resolution might be accomplished using electron vortex beams.
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The non-collinear ordering of spin and orbital moments in distorted perovskites is intrinsically coupled to the tiltings and rotations of the oxygen octahedra, as previously noted by Refs. 66 and 67.
In surface geometries where we have a strong out of plane MCA, it is known that the presence of an in-plane magnetic field, aligning the spin-moment in the plane, results in a non-collinear ordering of spin and orbital moments. In these geometries the strong MCA will try to rotate the orbital moments towards the spin moment, while a strong crystal field counteracts the alignment to the spins, and induces an orbital moment component along the easy axis. 68 Thus, it may result that the spin and orbital moments are not always aligned.
In distorted perovskites this picture becomes more complicated. The strong exchange coupling drives the spin moments to be in principle collinear, 69 but the rotated oxygen octahedra results in crystal fields that induce orbital components in other directions than parallel to the spin. The orbital moment components aligned orthogonal to the spin moment are antiferromagnetically aligned with respect to each other, whereas the parallel component is ferromagnetically aligned. The ordering type is presented in Table II of correlation in terms of LDA+U and LDA+DMFT (in both approaches one has to take care that a rotationally invariant description of the Coulomb interaction is used). It is also insensitive to volume changes and is a direct effect of the distortions of the oxygen octahedra, since the tilting and rotation angles are taken from experimental data only the strength of the crystal field and hybridisation will change with changing volume. As Table II shows, volume changes under such conditions do not affect the type of ordering, however, the magnitude of the components of the orbital moment do change. This causes the angle between spin and orbital moment to have a volume dependence even without changes in the tilting and rotation angles of the oxygen octahedra.
The magnitude of each component of the orbital moment is controlled by the strength of the crystal field and hybridisation. The hybridisation changes significantly between different treatments of exchange-correlation, hence the angle between the spin and orbital moments is an extremely sensitive probe for differences in the theoretical treatment. Investigating this we see a clear trend when treating the system within LDA/GGA (Fig. 7) and within LDA+U /DMFT (Fig. 8) Fig. 8) . At the experimental volume, the angles determined within LDA+U and LDA+DMFT show a stronger variation than when treated with LDA/GGA functionals, leading to variations in direction from 8
• to 57
• . The magnitude of the angles is also here determined by the interplay between the crystal fields and the hybridisation, it is evident that the different treatments of exchange and correlation on the Ru 4d-shell impacts the hybridisation significantly. The impact of the spin-orbit coupling on the energetics can be estimated by calculating the expectation value of l · s. Using the tensor moment formalism 70 the isotropic spin-orbit coupling is equivalent to the w 110 = (ls) For conventional monoatomic solids the MCA is proportional to the anisotropy of the orbital moment.
71 Due to the non-trivial angle between the spin and orbital moment and the polyatomic nature of the compound this is not expected to hold for SrRuO 3 . The orbital magnetic anisotropy presented here isolates effects from changes in volume, as the tilting and rotation angles are kept fixed. The OMA is expected to change, as well as the MCA, when lattice relaxations are taken into account. However, the tilting and rotation angles have been shown not to change significantly under volume changes of a few percent. 47 Uniaxial strain, as occurring in thin films, is expected to give a very large contribution as the oxygen octahedra will be elongated/compressed in the direction of the strain, resulting in a more anisotropic environment for the Ru-ion.
As mentioned above, we have estimated the spin-orbit coupling influence on the mass enhancement to be negligible.
IV. CONCLUSIONS
We have investigated the electronic structure, cohesion and magnetism of SrRuO 3 , both in the high temperature cubic phase as well as in the low temperature orthorhombic phase. Several parametrizations of the LDA and GGA functionals were used, as well as the LDA+U method and LDA+DMFT in combination with the FLEX-derived solver SPTF. We find that LDA, AM05, LDA+U and LDA+DMFT with U = 3 eV reproduce the equilibrium volume and bulk modulus with reasonable accuracy, whereas the GGA functional PBE96 seems to be less accurate. When it comes to the magnetism, LDA, AM05 and LDA+DMFT reproduce the delicate spin moments of the orthorhombic structure with good accuracy, whereas LDA+U and PBE96 overestimate the spin moments significantly. Taking all this information into account, we conclude that LDA, AM05 and LDA+DMFT reproduce the ground state properties of SrRuO3 very well, if one considers U = 3 eV. This conclusion is obviously dependent on the exact value of the parameter U , but does not change drastically if one consider values between 2 eV and 4 eV. For the latter, however, a significant quenching of the magnetic moment is observed in LDA+DMFT when using SPTF as impurity solver. LDA+DMFT provides also information about the mass enhancement due to local electronic correlations. Our analysis points to that SrRuO 3 is a weakly correlated metal, for which the effective mass is enhanced significantly compared to that given by a single particle theory. The LDA+U results are found to localize the 4d states of the Ru atom too strongly for realistic values of U , in line with the experience with self-interaction corrected theories. 46 We also find that the calculated spin moments are quite sensitive to the equilibrium volume, a result which should be possible to verify experimentally. We show furthermore that the coupling between spin and orbital moments is highly non-collinear, with angles ranging from 0 to about 150 degrees, depending on the level of accuracy for the exchange correlation functional and the volume considered for the calculation. An experimental verification of this behaviour would be highly interesting, although challenging due to the symmetry of the orthorhombic crystal structure. Regarding the electronic structure we find that both LDA, AM05 and LDA+DMFT reproduce the measured valence band spectrum with good accuracy. This result is independent on the exact value of U in the range 2-4 eV, given that the differences in spectral properties are more or less within the range of the experimental accuracy. Therefore, in conclusion, all our results point to GGA (AM05) or LDA+DMFT as methods of choice for further investigations on SrRuO 3 . However, one should consider that the Hubbard parameter U , whose ab-initio determination is still not feasible at a high level of accuracy, introduces an additional uncertainty in the LDA+DMFT approach, which makes this method preferred only if one is interested in fine details of the spectral properties such as the mass enhancement.
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